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1.  Introduction 


Alumina,  or  aluminum  oxide  (AI2O3),  is  the  most  commonly  used  inorganic 
ceramic  material.  The  a-phase  of  alumina,  also  known  as  corundum  or  sapphire 
(single  crystal  alumina),  is  the  most  common  crystalline  form,  and  is  used  in  a 
variety  of  different  applications,  including  electrical  and  thermal  insulation, 
abrasives,  wear-resistance  materials,  and  structural  ceramics.1  Of  specific  interest 
to  this  work  are  the  optical  applications  of  alumina,  as  research  has  been  focused 
on  processing  transparent  materials  with  high  thermal  conductivities,2,3  making  a- 
alumina  a  strong  candidate  as  a  gain  material  for  high-energy  laser  (HEL) 
applications.  High  thermal  conductivity  allows  for  the  laser  material  to  be  pumped 
far  more  aggressively  with  less  thermally-induced  optical  distortion,  and  with 
minimal  risk  of  mechanical  failure  due  to  buildup  of  thermal  stresses.  A  common 
laser  gain  material  currently  being  used,  neodymium-doped  yttrium  aluminum 
garnet  (Nd-YAG),  has  a  thermal  conductivity  between  9  and  14  W  m_1  K_1,  which 
is  much  lower  than  a-alumina.  a- Alumina  typically  exhibits  thermal  conductivity 
between  30  to  35  W  m_1  K-1.3 

Doping  is  required  to  make  alumina  lase,  as  most  photoluminescent  materials  rely 
on  rare  earth  (RE)  dopants,  which  are  more  efficient  and  have  lower  lasing 
thresholds.  Research  has  been  conducted  on  RE-doped  alumina  materials 
(REiAEOs),  with  previous  investigations  concentrated  on  Tb3+4  and  Eu3+.5  For  this 
study,  erbium  (Er3+)  was  the  RE  dopant  of  interest.  The  wavelength  emitted  by  an 
Er-doped  laser  gain  material  is  2940  nm,  which  matches  the  absorption  of  water, 
making  it  well-suited  for  laser  surgery  if  the  power  requirement  is  met.6 
Furthermore,  Er-doped  lasers  emit  in  the  spectral  range  of  “eye-safe”  laser 
radiation,  as  they  do  not  penetrate  the  eye  and  cause  permanent  retina  damage.7 

A  major  challenge  for  doping  RE  ions  into  alumina,  including  Er3+,  is  the  ionic  size 
mismatch  between  the  dopant  ions  and  the  Al3+  cations  that  are  replaced  in  the 
lattice.8  To  facilitate  homogeneous  doping  into  the  lattice,  a  wet-chemical 
precipitation  method  has  been  developed  in  which  the  cation  species  are  mixed  in¬ 
solution.9  Using  this  method,  an  alumina  precursor  powder  was  synthesized, 
incorporating  a  high-temperature  calcination  step  to  convert  the  precursor  to  a- 
alumina. 10,11  The  phase  transition  of  alumina  can  follow  many  paths  when  starting 
with  an  aluminum  hydroxide  precursor.  Generally,  aluminum  hydroxide  powder 
starting  with  a  boehmite  structure  follows  a  transition  sequence  of  gamma,  delta, 
theta,  to  alpha  with  increasing  temperature,  as  shown  in  Fig.  I.12 
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Fig.  1  Progression  of  various  transition  alumina  phases  and  their  crystal  systems 


While  the  work  on  alumina  phase  transitions  is  well  established,12  the  addition  of 
RE  dopants  is  not  well  understood  and  can  change  the  local  structural  properties  of 
the  alumina  lattice  due  to  the  ionic  size  mismatch.13  Additionally,  RE  doping  in 
alumina  has  been  found  to  have  a  significant  influence  over  its  structural  and  phase 
evolution.8  The  process  of  doping  ions  into  the  alumina  lattice  is  a  challenge. 
Previous  studies  on  doped  alumina  ceramics  used  a  dry  mechanical  method  for 
doping  ions,414  which  led  to  the  formation  of  dopant-rich  regions  at  the  grain 
boundaries.  A  wet  chemical  method  for  doping  is  expected  to  increase  the 
homogeneity  of  the  dopant  within  the  lattice  of  the  alumina.8 

When  synthesizing  particles  using  a  wet  chemical  process,  slight  variations  in 
concentrations  can  affect  the  properties  of  the  precipitated  powders,  such  as  particle 
size,  phase,  and  crystallinity.15-17  These  differences  can  affect  the  subsequent 
processing  of  the  powders,  such  as  the  calcination  temperature  required  to 
transform  the  powder  to  the  desired  phase,  which  for  HEL  applications  is  a-alumina 
due  to  its  high  mechanical  strength  and  high  thermal  conductivity.  For  this  study,  a 
lab-scale  synthesis  process  is  used,  which  yields  relatively  small  amounts  of 
powder  in  5-g  targeted  batches.  When  dealing  with  powder  produced  in  small 
batches,  the  batch-to-batch  variability  in  the  powder  properties  can  have  a 
significant  impact  on  the  subsequent  processing. 

In  this  study,  the  phase  evolution  of  precipitated  alumina  precursor  powders  doped 
with  erbium  using  a  wet  chemical  process  will  be  investigated.  The  synthesized 
powder  will  be  characterized  using  differential  scanning  calorimetry  (DSC)  and 
X-ray  diffraction  (XRD)  to  investigate  the  relevant  phase  transitions  of  the  samples. 
To  understand  the  reproducibility  of  this  synthesis  method,  the  shift  in  the  phase 
transition  temperatures  between  different  batches  will  be  measured. 

2.  Method 


2.1  Particle  Synthesis 

Alumina  powder  with  RE  dopants  were  synthesized  by  a  wet  chemical  synthesis 
process  via  precipitation  in  a  technique  similar  to  the  one  used  by  Sanamyan  et  al.9 
The  RE  element  investigated  in  these  studies  was  Er.  The  starting  materials  were 


Approved  for  public  release;  distribution  is  unlimited. 

2 


all  commercially  available  products  from  Alfa  Aesar  (Haverhill,  MA),  including 
aluminum  nitrate  nonahydrate  (99.999%)  (A1[N03]3-9H20),  erbium  nitrate 
pentahydrate  (99.99%)  (Er[N03]3-5H20),  and  magnesium  nitrate  hexahydrate 
(99.999%)  (Mg[NC>3]3-6H20).  All  nitrates  were  tested  by  thermogravimetric 
analysis  (TGA)  to  determine  the  exact  amount  of  nitrate  and  chemical  water  for 
precise  chemical  composition  of  the  synthesized  powder.  A  solution  was  made  in 
deionized  (DI)  H2O  with  a  nitrate  concentration  of  2.15  M.  The  composition  of  the 
cations  in  solution  consisted  of  400  ppm  of  Er3+  and  250  ppm  of  Mg2+.  Batches 
were  calculated  to  yield  5  g  of  precursor  powder. 

The  precipitation  process  for  synthesizing  alumina  powder  is  shown  in  Fig.  2.  A 
buffer  solution  of  0.25  M  ammonium  bicarbonate  (NH4HCO3)  was  prepared,  and 
the  pH  of  this  solution  was  adjusted  to  7  using  nitric  acid  (HNO3).  The  acidic  nitrate 
solution,  along  with  a  basic  solution,  which  consisted  of  65  g  ammonium  hydroxide 
(NH4OH)  and  235  g  NH4HCO3  in  2000  g  DI  H2O,  was  simultaneously  added  to  the 
buffer  drop  by  drop.  As  the  2  solutions  were  mixed  into  the  buffer  solution,  the 
doped  alumina  precursor  particles  began  to  precipitate  out  into  suspension.  The  drip 
rate  of  the  acidic  nitrate  solution  was  kept  constant  using  a  Control  Company  Model 
3386  flow  pump  (Friendswood,  TX).  The  drip  rate  of  the  basic  solution  was 
adjusted  using  a  buret  to  maintain  the  pH  of  the  bath  at  7  for  the  duration  of  the 
synthesis  process.  The  pH  of  the  suspension  was  continuously  monitored  during 
the  precipitation  process  by  an  Oakton  pH  2500  probe  (Vernon  Hills,  IL).  During 
the  entire  titration  process,  the  suspension  was  continuously  mixed  using  a 
magnetic  stir  bar. 
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Fig.  2  Schematic  of  the  particle  synthesis  setup 


After  the  precipitation  process  was  completed,  the  suspension  was  stirred  overnight 
to  allow  the  reaction  to  complete  before  being  filtered  through  nitrocellulose 
membranes  with  0.22  pm  openings.  The  particles  were  collected  and  dispersed  in 
DI H2O  and  filtered  twice  to  wash  off  any  remnant  salts  that  resulted  from  synthesis. 
Finally,  the  particles  were  dispersed  in  isopropanol  to  aid  in  drying,  and  filtered 
before  being  placed  in  an  oven  at  70  °C.  Once  dried,  the  precursor  powder  was 
gently  crushed  using  a  silica  glass  mortar  and  pestle. 
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2.2  Measurements 


Calorimetry  was  measured  using  a  TA  Instruments  SDT  Q600  DSC-TGA  (New 
Castle,  DE).  Precursor  powder  samples  were  evaluated  up  to  1400  °C  at  a  heating 
rate  of  10  °C/min  under  flowing  argon  (Ar).  Calcination  of  powder  was  conducted 
in  a  CM  Furnaces  (Bloomfield,  NJ)  Model  1710  FL.  The  heating  rate  was 
10  °C/min  ramp  up  and  down  from  the  target  temperature,  using  a  dwell  time  of 
30  min  for  all  samples.  The  phases  of  the  ground  powder  were  identified  by  XRD, 
using  a  Rigaku  MiniFlex  II  X-ray  diffractometer  (Tokyo,  Japan).  The  diffraction 
patterns  were  analyzed  using  commercially  available  Jade  (MDI  Inc.)  software. 

3.  Results  and  Discussion 


Fig.  3  shows  the  DSC  data  for  a  batch  of  EnAhCF.  A  positive  heat  flow  denotes  an 
exothermic  reaction,  while  a  negative  heat  flow  indicates  an  endothermic  reaction. 
From  the  synthesis  process,  the  powder  was  amorphous,  with  a  chemical 
composition  of  ammonium  aluminum  carbonate  hydroxide.  Upon  heating,  the 
powder  decomposed,  showing  an  endothermic  heat  flow,  which  had  a  local  peak  at 
approximately  200  °C.  Subsequent  phase  transitions  occurred  as  the  crystalline 
phase  of  the  material  evolved.  The  most  noticeable  phase  transitions,  as  marked  by 
local  exothermic  peaks,  were  seen  at  roughly  870  °C  and  1300  °C.  To  probe  the 
powder  phases,  3  samples  of  powder  were  collected  from  the  same  batch  and 
calcined  to  temperatures  just  over  the  transition  temps  measured  by  DSC.  The 
phases  of  the  calcined  powders  were  then  identified  using  XRD. 
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Fig.  3  Differential  scanning  calorimetry  of  synthesized  Er:  AI2O3  precursor  powder 

Fig.  4  through  6  show  the  phases  of  the  powder  probed  around  the  3  previously 
mentioned  temperatures.  For  each  sample,  powder  was  calcined  to  a  temperature 
just  above  the  peaks  measured  on  the  DSC  in  Fig.  3.  In  Fig.  4,  the  precursor  powder 
was  heated  to  230  °C,  and  the  resultant  diffraction  pattern  was  indicative  of 
boehmite.  The  boehmite  exhibited  broad  peaks  in  the  diffraction  pattern,  which  was 
expected  in  the  nanosized  powder.  Fig.  5  shows  the  diffraction  pattern  of  the 
powder  after  being  heated  to  880  °C.  The  phase  had  transitioned  to  y-alumina, 
although  the  peaks  remained  broad  due  to  the  fine  sizes  of  the  crystallites.  At 
1350  °C,  the  diffraction  pattern  of  the  powder  is  shown  in  Fig.  6,  with  the  phase 
being  that  of  a-alumina.  Due  to  the  increased  temperature  that  was  reached,  the 
crystallites  had  coarsened,  which  was  indicated  by  the  more  narrow  peaks  in  the 
diffraction  pattern.  No  secondary  Er-rich  phase  was  detected  in  any  of  the  phases. 
Having  the  dopants  migrate  out  of  the  lattice  and  form  secondary  phases  is 
undesirable  for  HEL  applications  due  to  reducing  transmission  through  the  material 
by  creating  scattering  points. 
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Fig.  4  X-ray  diffraction  pattern  of  synthesized  EriAhCb  precursor  powder  heat  treated  to 
230  °C  showing  boehmite  crystal  structure  PDF#98-000-0120 


Fig.  5  X-ray  diffraction  pattern  of  synthesized  EriAhCb  precursor  powder  heat  treated  to 
880  °C  showing  y-alumina  crystal  structure  PDF#98-000-0059 
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Fig.  6  X-ray  diffraction  pattern  of  synthesized  Er:AkC)3  precursor  powder  heat  treated  to 
1350  °C  showing  a-alumina  crystal  structure  PDF#98-000-0174 

To  understand  the  reproducibility  of  the  DSC  measurement,  a  batch  of  precursor 
powders  was  synthesized  and  5  separate  samples  from  the  batch  were  collected. 
Each  sample  was  measured  in  the  DSC.  The  heat  flow  data  for  each  of  the  samples 
as  a  function  of  increasing  temperature  is  shown  in  Fig.  7.  For  each  sample,  the 
temperature  of  the  exothermic  peak  related  to  the  y-alumina  phase  transition  was 
measured.  The  peak  location  varied  from  866.04  °C  to  868.95  °C  in  the  5  samples, 
with  an  average  temperature  of  867.43  °C  and  a  standard  deviation  of  1.13  °C.  The 
low  standard  deviation  indicated  a  high  confidence  in  the  measurement. 
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Temperature  (C) 


Fig.  7  Differential  scanning  calorimetry  of  5  samples  taken  from  the  same  batch  of 
synthesized  Er:Ah03  precursor  powders 

Six  separate  batches  of  precursor  powder  of  the  same  composition  were  synthesized 
using  the  same  processing  conditions.  The  6  batches  were  each  measured  using  the 
DSC  to  observe  any  variability  from  batch  to  batch,  as  shown  in  Fig.  8.  The 
temperature  of  the  exothermic  peak  related  to  the  y-alumina  phase  transition  was 
used  as  the  indicator  for  each  batch.  The  transition  temperature  for  each  batch  is 
shown  in  Fig.  9.  The  error  bars  in  the  graph  refer  to  the  standard  deviation  of  the 
DSC  measurements,  which  were  discussed  in  the  previous  paragraph.  The 
temperatures  ranged  from  867.43  °C  to  873.42  °C.  Of  the  6  batches  measured,  only 
Batch  #1  was  an  outlier,  with  Batches  #2-6  all  within  the  error  of  the  measurement. 
Given  the  precision  of  the  DSC  measurement,  the  difference  in  the  y-alumina  phase 
transition  temperature  from  batch  to  batch  was  significant  enough  to  be  measured 
by  the  instrument.  Nevertheless,  the  range  in  the  data  indicated  a  difference  of  less 
than  1%,  and  did  not  appear  to  be  significant,  given  the  general  processing 
conditions. 
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Batch  #1  - Batch  #2 


Batch  #3 


Batch  #4  - Batch  #5 


Batch  #6 


Fig.  8  Differential  scanning  calorimetry  of  6  different  batches  of  synthesized  EriAkCte 
precursor  powder  using  the  same  processing  conditions 


Fig.  9  Transition  temperature  of  y-alumina  for  6  different  batches  of  synthesized 
Er: AI2O3  precursor  powder  measured  from  differential  scanning  calorimetry 

The  variations  in  transition  temperature  from  batch  to  batch  could  likely  be 
explained  by  the  slight  physical  variations  in  the  powder.  While  synthesis 
conditions  such  as  the  pH  of  the  nitrate  solution  and  the  rate  of  mixing  were 
controlled,  temperature  and  relative  humidity  of  the  laboratory  were  not. 
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Additionally,  the  temperature  of  the  buffer  solution  during  precipitation  was  not 
controlled.  While  the  process  was  conducted  at  room  temperature,  any  change  in 
temperature  in  the  suspension  during  the  precipitation  was  not  monitored.  These 
factors  may  have  led  to  differences  in  crystallite  size,15  indicating  that  the 
variability  in  the  batches  was  due  to  differences  in  starting  particle  size. 
Furthermore,  the  addition  of  the  RE  dopants  in  the  alumina  lattice  had  already 
shown  an  effect  on  the  phase  transition  temperatures8  and  the  results  may  illustrate 
a  more  pronounced  effect  on  the  synthesized  alumina  as  the  sensitivity  of  those 
transitions  with  the  Er  dopant  has  not  been  investigated. 

This  research  demonstrated  the  robustness  of  using  a  wet  chemical  process  to 
synthesize  erbium-doped  alumina  powder.  Additional  work  needs  to  be  conducted 
on  the  stability  of  the  erbium  dopant  within  the  alumina  lattice.  The  current  heating 
regime  uses  a  relatively  short  dwell  time  of  30  min  at  a  maximum  temperature  of 
1350  °C.  If  the  material  is  subjected  to  higher  temperatures  and  longer  dwell  times, 
which  may  be  necessary  to  sinter  this  powder  into  a  dense  ceramic,  the  erbium 
dopant  may  have  the  energy  and  time  to  diffuse  out  of  the  lattice  and  form  a 
secondary  erbium-rich  phase.  This  is  undesirable  for  optical  applications,  as 
secondary  phases  act  as  scattering  points  that  reduce  transmission.  For  this  reason, 
future  work  should  be  concentrated  on  the  stability  of  the  dopant  within  the  lattice 
at  elevated  temperatures. 

4.  Conclusions 


EnAECb  powder  was  synthesized  using  a  wet  chemical  precipitation  process.  The 
phase  transition  temperatures  of  the  precursor  powder  were  tracked  using  DSC  and 
confirmed  by  XRD.  At  230  °C,  880  °C,  and  1350  °C,  the  phases  of  the  powder  were 
boehmite,  y-alumina,  and  a-alumina,  respectively.  The  variability  from  batch  to 
batch  of  the  synthesized  powder  was  determined  by  measuring  the  y-alumina 
transition  temperature,  which  was  less  than  1%,  although  significant  enough  to  be 
measured  by  the  DSC.  While  this  variation  was  minimal,  it  must  be  taken  into 
account  when  calcining  batches  of  precipitated  alumina  precursor  powder 
synthesized  using  this  method. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


Ar 

argon 

ARL 

US  Army  Research  Laboratory 

DI 

deionized 

DSC 

differential  scanning  calorimetry 

Er 

erbium 

HEL 

high-energy  laser 

HT-DSC 

high-temperature  differential  scanning  calorimetry 

Nd-YAG 

neodymium-doped  yttrium  aluminum  garnet 

RE 

rare  earth 

TGA 

thermogravimetric  analysis 

XRD 

X-ray  diffraction 
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